Improvements in life expectancy have been considerable over the past hundred years. Forecasters have taken to applying historical trends under an assumption of continuing improvements in life expectancy in the future. A linear mixed effects model was used to estimate the trends in global and regional rates of improvements in life expectancy, child, adult, and senior survival, in 166 countries between 1950 and 2010. Global improvements in life expectancy, including both child and adult survival rates, decelerated significantly over the study period. Overall life expectancy gains were estimated to have declined from 5.9 to 4.0 months per year for a mean deceleration of -0.07 months/year 2
Introduction
Life expectancy is an overall measure of population health. The approximate doubling of life expectancy over the last century is a demonstration of substantial scientific and public health increasing marginal returns of life expectancy over time (Fig 1, bottom) ; a negative rate of improvement leads to a 'deceleration' scenario corresponding to diminishing marginal returns of life expectancy over time (Fig 1, middle) . By using explicitly rates of improvements, we quantify global diminishing improvements in three health measures-life expectancy, child survival and adult survival-but accelerating improvements in seniors' survival (ages 60-80). We point to the notion that diminishing improvements in global life expectancy are not solely accompanied with diminishing returns in reducing child mortality by quantifying global diminishing improvements for both child and adult survival. Notwithstanding the declines in child and adult survival improvements, gains in older age continue to improve but with expectedly less impact on changes in life expectancy.
Methods
We examine life expectancy at birth (e 0 ), child survival (probability of surviving from birth to age 5, i.e. 5p0), adult survival (probability of surviving from age 15 to age 60, i.e. 45p15) and senior survival (probability of surviving from age 60 to 80, i.e. 20p60)-for both males and females combined. For consistency, we use the 2012 revision of the World Population Prospects (WPP2012) for all available mortality estimates (sex-combined for the twelve five-year intervals from 1950 to 2010) [29] . For seniors, we utilize the abridged life tables to directly calculate 20p60 [29] . 166 countries were used in the analysis, representing all available countries in the WPP2012, with populations greater than 500,000 in the year 2005 [29] . The list of all countries included in the analysis is available in S1 Text. Countries were organized into 6 regions (Asia, Eastern Europe & Central Asia, High-income, Latin America & the Caribbean, Middle East, and sub-Saharan Africa). A list of all six regions included in the analysis is available in S1 Text. A sensitivity analysis was also completed with the 113 countries greater than 5 million with no major change in the conclusions.
Rate of life expectancy improvement
The public UN database releases life expectancy averages for each of the twelve five-year intervals Y from 1950-54, 1955-59, 1960-64, 1965-69, 1970-74, 1975-79, 1980-84, 1985-89, 1990-94, 1995-99, 2000-04, and 2005-09 . The choice of the starting year was dictated by the data availability in the UN database. For country i in time interval Y, we computed a county's average annual improvement, ν i,Y , of e 0 from the first derivative of the levels of e 0 (e 0,i,Y ):
Linear mixed effect model
A linear mixed effect model [30] was developed to investigate the relationship between improvement of e 0 and time between 1950-2010. We start with the basic model:
where v i,y is the country's average annual improvement (converted to months per year), t is time (in unit years, where the five-year period 1950-1954 is t = 0, the period 1955-1959 is t = 5. . .), y 1 is the rate of change of improvement (in units months per year 2 ; the unit "months per year 2 " (i.e. months per year per year or months per year Ã year) is an acceleration unit. An analogy in driving is the acceleration of a car in meters per second Ã second (or second 2 )) and ε 1,i,y is an error term. The time term (rather than year) was used in the model so that the intercept (γ 0 )could be used to determine the rate of improvement at the beginning of the study period (in units months per year). Across all regions (R), the coefficients γ have a normal distribution with a given mean and variance. At the regional level, the variation in the intercept and slope is expressed as:
The terms μ express the fixed (global) average across all countries and δ R is the deviation from the global average for a given region R (region effect), assumed to be normally distributed with mean zero and cov(δ 0,R ;ε 0,i,y ) = cov(δ 1,R ;ε 1,i,y ) = 0. This model was further developed to incorporate a third-level country (i) specific random effect (τ), such that:
Using Eqs (4) and (5) and the derived regression estimates, a Monte Carlo simulation (with 1000 iterations) was run to determine confidence intervals for each specific regional rate of change of life expectancy improvements [31] . In this model, a 'decelerating' global life expectancy scenario would be represented as a negative, statistically significant γ 1 term; whereas a not statistically significant γ 1 term would represent a steady growth (e.g. no acceleration or deceleration) scenario.
To validate the stability of the model, we repeated the analysis for the period 1960-2010 and for male and female (separated) life expectancy. To validate the predictability of the model (for future projections beyond 2010), we repeated the analysis by developing a model for the period between 1950-2004 and evaluated the model predictions for the following subset of years [2005] [2006] [2007] [2008] [2009] . To test the non-linearity in model (2) above and determine relative model fitness [32] , regressions were repeated with two quadratic variants of Eq (2) of the form:
By using Eq (1), we continue the tradition of Oeppen and Vaupel [3] , Vallin and Meslé [1], White [6] , and Lee [7] and calculate the absolute change in life expectancy per year. Recognizing that rates of improvements can be calculated as absolute or relative changes, we repeated the analysis using relative improvements, such that Eq (1) is modified to become an annual percentage change:
We repeated the same analysis for 5p0 and 45p15 and 20p60. All analyses were conducted with the R statistical software (www.r-project.org) and SAS. A restricted maximum likelihood approach was used to estimate the equations.
Results

Rate of life expectancy improvement
The results of the linear mixed effects model for the changes in life expectancy improvements for the period 1950-2010 are summarized in Table 1 . A statistically significant 'time' term represents a non-linear relationship between level of life expectancy and time; a negative value demonstrates diminishing rate of improvements in life expectancy over time (Fig 1, bottom) . estimates show overall diminishing improvements (Fig 2) , the region with the smallest diminishing improvements (and not statistically significant) is High-income; it was also the region with the lowest rate of improvement in 1950-54 ( Table 2 ). The Middle East region had the highest diminishing improvements, although the variance was high among the countries within this region ( For most regions, the rate of improvements in life expectancy appears to diminish somewhat linearly with time with the exception of sub-Saharan Africa, which shows a substantial decline from 1980-84 through 1995-99, followed by a sharp increase through 2005-09 (Fig 2) . This pattern is evident in countries with high HIV prevalence (those with greater than 5% in any given year during the study period [33] ; S2 Fig). Similar to sub-Saharan African countries, many former Soviet state countries also exhibited a mortality shock starting in the 1980s. While the magnitude of this mortality shock varied between countries, the post-shock average rate of improvements returned to approximately the pre-shock values.
Other specific countries that exhibited pronounced shock periods include: Bangladesh, Bosnia and Herzegovina, Cambodia, China, Iran, Iraq, Sierra Leone and Timor-Leste. For many of these countries, the pattern included an initial decline, followed by a rapid rise-overshooting the initial trend, then a return to the pre-shock era (S3 Fig) . There was also no statistically significant difference in the rate of improvements when the analysis was separated by gender (S1 Table) or when repeated for the period 1965-2010 (compared to 1950-2010) (S2 Table) . In addition, taking the relative rate of improvement (Eq 9) also resulted in a deceleration scenario, where the global annual percentage change is declining by -0.015 (95% CI: -0.21, -0.09, p<0.001) (S3 Table) . Despite the above noted shocks due to conflict and the HIV epidemic, for all demographic indicators, the Bayesian Information Criterion (BIC) was lowest for the linear model (2) compared to the more complex quadratic variants (Eqs 7 & 8) (S4 Table) . This suggests that there is no strong evidence for the use of a more complicated model and that a simple parametric model may be more descriptively accurate than the quadratic alternatives [34] . Furthermore, a linear model is also consistent with a mathematical approach to assess the presence of a deceleration or acceleration in the mortality indicators under study.
Rate of child survival improvement
For child survival, the trends in improvements for the period 1950-2010 vary among regions (Fig 3) . The global rate of improvement in child survival decreased from 4.4 to 1.6 deaths averted per 1000 per year, representing a deceleration of -0.063 deaths per year 2 (95% CI:
-0.081; -0.045, p < 0.001) for 1950-2010 (Table 1) . Three of the six regions showed significant diminishing rates of improvements in child survival (e.g. Asia, Latin-America & the Caribbean and Eastern Europe & Central Asia) with two more marginally significant (e.g. sub-Saharan Africa, High-Income; p<0.10). The region with the lowest diminishing rates of improvement was High-income; it was also the region with the lowest rate of improvements in 1950-54. The most pronounced diminishing rates of improvements were observed in the Middle East, however; again it was the region with the highest variance. At the country level, the variance in τ 0,c and τ 1,c was -0.042 deaths per 1000 per year (p<0.05) and 0.001 deaths per 1000 per year 2 (p<0.1) respectively.
Rate of adult survival improvement
For adult survival for the period 1950-2010 (Fig 4) , sub-Saharan Africa deviates from linear trends in the rate of improvements, with a shock peak in 1995-99, consistent with that observed in child survival and life expectancy. Table 2 ). The High-income region was the region with the lowest initial rate of improvement in 1950-54 and the lowest deceleration over the study time period. At the country level, the variance in τ 0,c and τ 1,c was -0.052 deaths per 1000 per year (p<0.05) and 0.004 deaths per 1000 per year 2 (p<0.001), respectively.
Rate of senior survival improvement
For senior survival for the period 1950-2010 (Fig 5) , the global mean rate of improvement for senior survival increased from 2. Table) .
Discussion
This paper quantifies the trends in the rate of life expectancy improvements at the global and regional levels over a large time period , in addition to the trends in the rates of child, adult and senior survival improvements (Fig 6) , based on UN estimates. Some previous studies [1, 3, 6, 7] assumed a high degree of linearity of life expectancy (or child mortality) over time [21, 22] , discounting small diminishing rates of improvements which may add confusion to the interpretation of the trends. Interestingly, both White [6] and Lee [7] have found statistically significant fits with the levels of life expectancy and time using non-linear (polynomial) functions but opted for simpler regression approximations. Given continued improvements in life expectancy between 1950 and 2010 globally and the high degree of linearity over time, it is reasonable to overlook small declines in the rate of improvements. Indeed, linear approximations (such as Taylor Series) can be used under certain conditions to estimate trends in more complex, non-linear functions. The shift in perspective from the value of life expectancy to the rates of improvements in life expectancy can highlight small changes in deceleration previously considered as random errors in simpler linear models. For example, in its projections, the UN assumes slower gains at higher life expectancy, and takes into account both the relative improvements of a given country and the historical experience of other countries under similar conditions [29] . In this study, we use a simple linear mixed effects model of the rates of improvement to explicitly explore the concept of acceleration/deceleration at the global and regional levels; we also explicitly test higher power models (e.g. quadratic polynomials) but conclude the fitness is best with a simple linear model.
A rapid change in the rate of improvements at the region or country level graphically captures the effects of a change in health in that geographic area. This can provide a mechanism toward improved understanding of the determinants of health. Notably, diminishing rate of improvements followed by increasing rate of improvements can help highlight unusual events in a country trajectory. Some examples are: the initial impact of the AIDS epidemic and its subsequent response with the scale-up of antiretroviral therapy on high HIV prevalent countries (S2 Fig) , premature adult mortality due to increased hazardous alcohol intake particularly in [36] , the wars in Cambodia, Iraq, Sierra Leone, East Timor, and the ex-Yugoslavia (Bosnia and Herzegovina) [37] .
Life expectancy improvements are complex to interpret. Indeed, as early-age mortality is reduced to lower levels, the potential gains in life expectancy are also diminished. Since mortality risk in midlife is lower, preventing a child death leads to more substantial life expectancy improvements than preventing an adult death. Any interpretation of accelerating/decelerating trends in life expectancy must keep in mind this historical perspective. In this respect, we investigated whether life expectancy diminishing rates of improvements arise from waning child survival gains achieved in the mid-twentieth century to fight infectious diseases or whether more recent innovations (e.g. related to cardiovascular treatment and reduced smoking) dissipate among the elderly. We found significant global deceleration in child survival over the study period; although variations existed among different regions. With 98% of children born surviving to age 5 in high-income countries [38] , it is reasonable to expect little low-cost breakthrough innovations to substantially increase improvements in child survival. Nonetheless, all regions continue to have declines in child mortality.
For adult survival, the global deceleration in adult survival was equal in magnitude to that of child survival. Interestingly, adult survival was the only mortality indicator to be consistently decelerating across all regions. This deceleration may be due to the significant rise of non-communicable diseases (NCDs) in low-and middle-income countries [39] and diminishing returns in adult survival in the High-income region. Trends in innovative pharmaceutical compounds that could address NCDs have also been in decline over the last ten years [40] . Nonetheless, a global deceleration in adult survival implies that decelerations in life expectancy are not solely due to waning child survival improvements. Despite the deceleration effects in adult survival, absolute adult survival continues to rise and is likely to do so for many more decades.
The distribution of diminishing rates of adult survival improvements among regions and countries may reflect the variation in the rate at which age-standardized mortality from NCDs is falling in middle-income countries [41] , and the impact of the increasing marginal cost of innovation to improve adult survival [38] . Countries and regions with constant or increasing rates of adult survival improvements may have the income and/or means to achieve higher rates of diffusion for health innovations, including medical technologies, health systems improvements or public health policies such as those devoted to tobacco cessation. Importantly, cost-effective health interventions to increase adult survival in low-and middle-income countries may not be fully implemented, notably tobacco control measures [8] . There may be concurrent and distinct improvements in both child and adult mortality across countries. Whereas lower income countries may be realizing their improvements primarily from reduced infectious disease mortality and to a lesser extent reduced NCD mortality; higher income countries may be realizing theirs via the inverse combination. This result may be interpreted to support the claim that there would not necessarily be diminishing returns at high life expectancy levels albeit via a change in the epidemiological causes of improvement [2] .
For the High-income region, our analysis shows a potential steady growth scenario for overall life expectancy. This is consistent with our previous study [38] , which showed that maximum life expectancy (approximating the mean life expectancy in higher income countries) continues to rise linearly over the last four decades. Given the decelerations in child and adult improvements, the steady growth in life expectancy improvements is likely due to a combination of lower magnitudes of deceleration in child and adult improvement (compared to the other regions) and to the significant acceleration in senior survival improvements. Indeed, the High-income region is comprised of countries previously classified as the best-performing countries [1, 3] . While other studies [1, 3, 6, 7] have previously shown linear growth for life expectancy among High-income countries, this continues to be astounding.
Our analysis presents limitations. First, we did not consider the trends in very old-age mortality. Certainly, Christensen and colleagues [42] show that more recent increases in life expectancy in high-income countries have been a result of declines in mortality at the ages of 80 years and older, which leads to an almost linear increase in life expectancy as described by White [6] . Our study, however, was limited by available data, and global mortality rates for above 80 years old for low-, middle-and high-income countries alike were not presently available for investigation. Second, we used UN mortality estimates [28, 43] which rely on all data available including censuses, surveys, vital registers, international databases and specific modeling assumptions [44] . For higher income countries, very good sources of data exist (e.g. Human Mortality Database [45] ) which are directly incorporated into the UN estimates. Yet, for countries with limited data, UN estimates are extrapolated with model life tables [44] . We used UN estimates in order to have a consistent set of numbers-that have been peer-reviewed-for all the countries analyzed. However, we acknowledge that given the lack of quality data for a number of countries including the absence of surveys and censuses for the earlier years (e.g. 1950s, 1960s), there is substantial uncertainty in estimating historical health indicators for a number of low-and middle-income countries; data sources (summary, type of data and reference date) and the methods used to derive each country's UN mortality estimates are available on their World Population Prospects (2012 Revision) website [46] . In this respect, we performed additional analyses for all indicators from 1965-2010 (S2 Table) and noted no statistically significant difference in the trends in the rate of improvements. Third, even within regions, substantial heterogeneity exists across countries, as countries have not reached the same stage of epidemiological transition, or as sub-regions have been impacted differently, for example by the HIV epidemic (e.g. Western Africa as opposed to Eastern and Southern Africa). Hence, our regional findings may be interpreted with caution and we provide country-specific results in the supplementary data (S1 Fig). In addition, we used a linear mixed effect model implying linear rates of improvements and only tested a limited number of higher order alternative models as we intended to quantify metrics of acceleration/deceleration. Yet, in many regions and countries, we identified specific times of rapid changes (e.g. decelerations followed by accelerations) (see S2 and S3 Figs) also examined elsewhere [47, 48] , which a linear model at a one-region or country-specific level may be inappropriate for characterizing. Finally, this analysis did not examine the specific causes of some of the findings, which we left for future work with the use of appropriate statistical analysis and covariates/determinants (e.g. income, education). Specifically, the main objective of the paper is to present a model to estimate trends in the rate of improvement of mortality indicators. In doing so, we estimated acceleration or deceleration on average during specific periods without describing the underlying causes or circumstances. Rather, our approach can point to the regions/countries and time periods where unusual events occurred (S2 and S3 Figs), which may call for subsequent examination and incorporation into the models used including for example a perturbation term (e.g. HIV prevalence term) to account for the potential shocks encountered. That being said, the presence of these temporary shocks may alter the intuitive appeal of steady diminishing/increasing returns in mortality declines.
In this paper, using UN data, we computed explicitly a mathematical definition of deceleration or declining rates of life expectancy improvements. We found that the global rate of improvements in life expectancy has been decreasing over time. Furthermore, we also found that the improvements for child and adult survival were rising at a slower pace however senior survival was rising at an accelerated pace. Given the progress toward MDG 4 [21] , the epidemiologic transition may well take place through diminishing improvements in under-five mortality, steady improvements in adult mortality and then to improvements above age 60. Like Vallin and Meslé [1] and Christensen et al. [42] , we do not rule out further rises in life expectancy past a hypothetical biological ceiling but point to potential gains in life expectancy at higher ages of life. Despite the public health issues that accompany the increase in adult population worldwide, there has been much less focus on adults. Nonetheless, variability in adult survival indicates current innovations may be sufficient to achieve a higher degree of acceleration. Further global efforts devoted to adult health focused on research and development for new tools and their widespread application, analogous to those implemented for child health, will enhance the accessibility of these innovations and reverse the slowing of adult survival improvements [49] . 
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